Grass carp skin pieces were homogenized in water and hydrolyzed by Alcalase®, collagenase, proteinase K, and/or trypsin at their optimum conditions. Samples were taken at various degrees of hydrolysis and were evaluated for antioxidant, antimicrobial, and angiotensin-converting enzyme inhibitory activities. Alcalase and collagenase completely hydrolyzed the skin with different rates, and released peptides with antioxidant and angiotensin-converting enzyme-inhibitory activity. These activities increased linearly with increasing degrees of hydrolysis. Subsequent incubation of the collagenase hydrolysates with trypsin slightly increased the antioxidant activity. Proteinase K, although only partially hydrolyzing the skin, also catalyzed the release of peptides with antioxidant and angiotensin-converting enzyme-inhibitory activities. These results show that skin byproducts from grass carp can be a source of bioactive peptides produced by a one-step reaction. Such hydrolysates may be applied in food products to prolong shelf life and provide beneficial effects on blood pressure.
Introduction
The production of cultured fresh water fish has been increasing in China over the past decades, amounting to 26.47 million metric tons in 2013.
[1] Grass carp (Ctenopharyngodon idella) is one of the three most cultivated fresh water fish species worldwide, and the increased manufacturing of processed products (mainly fillet) from this species, in response to consumer demands, has resulted in a significant accumulation of by-products, such as viscera, heads, bone, and skin, which present an environmental burden and are of economic concern for the fish industry. Therefore, there is an increasing need to transform these by-products into value-added products. Grass carp skin is a rich source of high quality protein, [2] which may potentially be used for human nutrition. The major component of fish skin is collagen, which can be converted into gelatine by breaking down some crosslinkages during an extraction process. [3] Several studies have investigated the extraction of gelatine from grass carp skin [4] [5] [6] and it's emulsification and water binding capacity. [2] In general, gelatines from fish skin have much lower gelling strength and lower melting and gelling temperature compared to gelatines from conventional sources, such as pig skin and bovine bone, which limits their application as gelling agents. [3] It is also possible to exploit protein-rich by-products from industrial food production by a more extensive enzymatic degradation into hydrolysates containing bioactive peptides with antioxidant, antimicrobial, anticancer, and/or blood-pressure lowering activity. [7] [8] [9] [10] [11] A number of studies have addressed the enzymatic release of bioactive peptides from marine fish skin samples, for example, peptides with antioxidant activity [7, 8, 12, 13] and angiotensin-I converting enzyme inhibitory (ACE-I) activity. [8, [14] [15] [16] [17] To our knowledge, no studies on the bioactivity of grass carp skin hydrolysates have been performed.
In several studies, fish skin protein hydrolysates made with trypsin or Alcalase ® have shown better antioxidant activity than those made with other enzymes such as pepsin, α-chymotrypsin, or papain. [7, 12, 18, 19] Alcalase has also been shown to efficiently catalyze the release of peptides with high ACE-I activity from Alaska pollack skin and other fish and collagen sources. [14, [20] [21] [22] [23] In our previous study, [22] proteinase K hydrolysates of bovine collagen also showed very high ACE-I activity despite of quite low degrees of hydrolysis (DH). Therefore, enzymes such as Alcalase, collagenase, trypsin, and proteinase K seem well-suited for catalyzing the release of bioactive peptides from fish skin.
In most of the studies mentioned previously, gelatine was first extracted from the skin and then hydrolyzed. However, it has been shown that some proteases such as collagenases and Alcalase have the ability to act on collagen directly. [2, 22, 24] Direct use of the fish skin as substrate for the enzymatic release of bioactive peptides would be beneficial, since it would save energy, decrease the use of chemicals, and shorten the time needed for the extraction process.
The purpose of this study was (1) to assess whether four different enzymatic treatments could release bioactive peptides directly from grass carp skin, and (2) to determine the influence of the degree of hydrolysis on the bioactivity and possibly relate it to the peptide profiles of the hydrolysates. The bioactivities evaluated were the ACE-I activity, the antioxidant activity (by three different assays), and the antimicrobial activity.
Materials and methods

Materials
Frozen skin of grass carp fish (with scales removed) were provided by Huzhou Nanxun Xinya Produce Company, Zhejiang, China. The frozen skin samples were freeze-dried, and kept cool and dry. The gross composition of the freeze-dried skin was 65.8% protein, 34.4% lipid, and 3.67% water. The amino acid composition of the freeze-dried skin was analyzed following the Chinese national standard GB/T 5009. . Approximately 25 mg of freeze-dried skin was hydrolyzed in 6 M HCl at 110°C for 24 h, and the amino acids were quantified using a Hitachi L-8800 amino acid analyzer (Tokyo, Japan).
Proteinase K (from Engyodontium album, P6556), Alcalase (from Bacillus licheniformis P4860), trypsin (from bovine pancreas, T9201), ACE (EC 3.4.15.1, rabbit lung, 0.25 units), as well as ABTS (2,29-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), Ferrozine™ (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p´-disulfonic acid), L-α-phosphatidylcholine, and MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) were purchased from Sigma Chemical Co., St. Louis, MO, USA. Collagenase (type II from Clostridium histolyticum, 17101) was obtained from Invitrogen Corporation A/S, Carlsbad, CA, and o-aminobenzoylglycyl-p-nitro-L-phenylalanyl-proline (ABZGly-Phe(NO 2 )-Pro) was obtained from Bachem (Bubendorf, Switzerland).
Production of hydrolysates and determination of degree of hydrolysis
The Grass carp skin was cut into small pieces (approximately 3 × 10 mm), washed with deionized water, and dried with filter paper before use. Seven portions (1.25 g each) of the freezedried skin pieces were rehydrated in water (at 1% w/v) for 2 h, and then homogenized with an Ultra-Turrax homogenizer for 5 min (at 25,000 rpm). The pH and temperature of each slurry was adjusted to the optimum conditions for the enzyme used (Table 1) , and the enzyme was added at an enzyme-substrate ratio of 1% (w/w). One portion was hydrolyzed with Alcalase at 60°C and pH 8.0 to different DH (A1-A4), another portion was hydrolyzed with proteinase K at 37°C and pH 8.0 (P1-P3), and two portions with collagenase at 37°C and pH 7.5 (C1-C3). One of the C3 samples was subsequently subjected to hydrolysis with trypsin (after adjustment of the pH to 8.0) for approximately 1 and 3 h (C3T1 and C3T2). The remaining three portions were incubated without enzymes at 37°C for 10 h (B1) and at 60°C for 2 and 5 h, respectively (B2 and B3). The pH of the reaction was kept constant by addition of 0.1 N NaOH to the reaction medium using a pH-stat (718 STAT Titrino [Methrohm Ltd., Herisan, Switzerland]). Sample aliquots (3 mL) were taken during hydrolysis. The amount of alkali added during the hydrolysis was recorded and used to calculate the degree of hydrolysis. Collected samples were heated at 95°C for 15 min to inactivate the enzyme, cooled on ice, and centrifuged at 10,000 × g for 15 min (4°C). The upper layer (oil) was carefully removed with a pipette, and the clear supernatant was collected and frozen (-25°C) until analysis. Hydrolysates were analysed by liquid chromatography-mass spectrometry (LC-MS) and suitably diluted samples were assayed for bioactivity as described below.
Determination of peptide profiles and peptide masses
The hydrolysates were thawed and centrifuged (10,000 × g for 10 min) and samples were taken for LC-MS analysis. The blank samples B2 and B3 were still turbid and were not analyzed. LC-MS analysis was performed using an Agilent LC-MSD Trap as described by de Gobba et al. [25] with a few modifications. From each sample, a volume of 25 μL was injected and separated using a gradient consisting of 0% B for 5 min followed by a linear increase to 40% B in 70 min. MS spectra were recorded from 50 to 2200 m/z with the target set to 1521 m/z.
Determination of ACE-I activity
The ACE-I activity of the grass carp skin hydrolysates was determined using the internally quenched fluorescent substrate o-amino-benzoylglycyl-p-nitro-L-phenylalanyl-proline (ABZ-Gly-Phe(NO 2 )-Pro) as described by De Gobba et al. [25] The hydrolysates were diluted 10 times before measurement and 50 μL was subject to triplicate determinations. The inhibition of ACE was calculated using the slope of the control as 100% enzyme activity according to the following equation,
where Slope inhib is the slope of the line for the sample and Slope control is the slope for the control sample without hydrolysate. 
Determination of antioxidant activity
The antioxidant activity of the hydrolysates was determined by three different assays testing radical scavenging and iron chelation properties as well as, inhibition of lipid oxidation in a model system.
ABTS radical scavenging assay
This assay, which is based on the decolorization due to reduction of the radical form of ABTS (2;29-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)); was performed as described in the article from De Gobba et al. [25] The hydrolysate was diluted (40 or 50×) before analysis and 50 µL were used in the assay. The control sample consisted of ABTS
•+ working solution (200 µL) and 50 µL of water. All samples were assayed in triplicate. The final readings were used for calculating the ABTS radical scavenging activity as outlined in the formula:
where A ctrl is the absorbance of ABTS •+ in the control sample without hydrolysate, A sample is the absorbance of the ABTS
•+ after addition of hydrolysate sample.
Iron chelation capacity
This assay, which is based on the complexation of iron with Ferrozine™ (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid) forming a purple complex, was performed as described by De Gobba et al. [25] Briefly, in a transparent microtiter plate, 25 µL of hydrolysate (5× dilution) was mixed with 100 µL of a FeSO 4 solution (75 µM in water) and incubated for 10 min at room temperature. Then, 100 µL of Ferrozine solution (500 µM in water) was added and the absorbance measured at 562 nm using a Multiskan EX plate reader (Labsystems Oy, Helsinki, Finland). The iron chelation ability was calculated as the inhibition (%) of the formation of the Fe 2+ -Ferrozine complex using the formula,
where A ctrl is the absorbance of the Fe-Ferrozine complex in the control sample, and A sample is the absorbance of the Fe-Ferrozine complex in the presence of hydrolysate sample. All measurements were performed in triplicate.
Prevention of lipid oxidation in liposomes
The prevention of formation of secondary oxidation products in L-α-phosphatidyl choline liposomes initiated with 25 µM FeCl 3 was detected fluorometrically as described by De Gobba et al. [25] In each well, 10 µL of liposomes and 50 µL of diluted (5×) hydrolysate (or water) were added together with the glycine ascorbate buffer and the oxidizing reagent, and the fluorescence was monitored for 4 h at 37°C. The inhibition of lipid oxidation (in %) was calculated from the areas under the curve (AUC) using the formula:
where AUC sample is the AUC of the sample with hydrolysate and AUC ctrl is the AUC of the control (with water added instead of hydrolysate).
Determination of antimicrobial activity
The antimicrobial activity was tested against two gram-negative and two gram-positive pathogenic bacterial species and a fungus using a modified radial diffusion assay as described by De Gobba et al. [25] The species and strains used were Eschericia coli (1873 and JM109), Pseudomonas aeruginosa (PaO1), Staphylococcus aureus (8325), Listeria monocytogenes (EGDe), and Candida albicans (cbs 8758). Ten microliters of each hydrolysate were placed in the wells and the plates were incubated and stained as described. The anti-microbial activity is seen as a non-colored area around the well containing the hydrolysate.
Statistical analysis
Differences between samples (and enzymatic treatment) with respect to bioactivity were tested with the general linear model procedure, with blanks (antioxidant activities) or without blanks included (ACE-I), and significant differences between means were tested with Duncan's Multiple range test using SAS 9.3 for windows (SAS Institute Inc.). Correlations were found using SigmaPlot for windows version 11.0 (©2008 Systat Software, Inc.).
Results and discussion
Characterization of hydrolysates
An overview of the fish skin hydrolysates and the DH obtained with each enzymatic treatment is given in Table 1 . The blank samples incubated at 37°C (B1) and 60°C (B2 and B3), respectively, without added enzyme reached only DH values around 1%, which is lower than the DH values obtained in the presence of enzymes. The limited hydrolysis obtained in the blank samples might be due to the action of endogenous enzymes in the skin samples as reported for Pacific hake, [19] or to a thermally induced helix-to-coil transition of fish collagen which could perhaps lead to release of some gelatine molecules. The thermal transition of collagen is normally achieved by heating to above 45°C, [3, 26] but could probably occur over time at 37°C in fish collagen, which has a more labile crosslinking [3] and thus might have a lower transition temperature. As expected, the increase of DH of the hydrolysates over hydrolysis time varied with the enzyme used. Alcalase was the most effective enzyme in hydrolysing collagen, followed by collagenase and then proteinase K. This was shown both by the speed of increase in DH and by visual inspection of the reaction mixtures. After hydrolysis with Alcalase at 60°C for only 1.6 h, the DH of the hydrolysate was 11.9% (A4 in Table 1 ), much higher than the DH obtained with the any of the other enzymes within 2 h (which were used at 37°C). A similar result was reported by Wasswa et al., [2] who obtained a DH of 10.4% after 110 min hydrolysis of grass carp skin with Alcalase. After prolonged hydrolysis of fish skin with Alcalase even higher DH values may be obtained. [17] In our study, with collagenase, a similar DH as that obtained with Alcalase was reached; however, only after prolonged hydrolysis (19 h at 37°C, C3 in Table 1 ). This is in accordance with the results obtained by Zhang et al. [22] on the ability of these two enzymes to extensively hydrolyze bovine collagen, but at different rates. Visually, it could be seen that the small pieces of grass carp skin incubated with Alcalase at 60°C quickly dissolved and the initial slurry became a clear solution, while collagenase broke down the skin pieces only gradually. The efficiency of Alcalase in hydrolyzing fish skin collagen could partly be due to the higher incubation temperature at which the collagen was transformed from triple helix into random coil which made it more accessible to the enzyme. When the sample hydrolyzed with collagenase (C3) was further hydrolyzed by trypsin for 1 to 3 h, the DH increased to more than 13% (C3T1 and C3T2 in Table 1) .
After more than 10 h of hydrolysis with proteinase K, the DH of skin hydrolysates was only 3.4%. This is similar to the DH obtained after 4 h of hydrolysis of bovine collagen with the same enzyme (about 3%). [22] The low DH obtained was consistent with the presence of big skin pieces at the end of the hydrolysis, The reason for the limited hydrolysis obtained with this enzyme could be that the native triple-helical structure of collagen is not accessible for proteinase K, or that the primary structure of collagen molecules has very few peptide bonds susceptible to cleavage by this enzyme. Proteinase K has a broad specificity with preferred cleavage of peptide bonds with aliphatic and aromatic amino acids at the P1 position (http.//web.expasy.org/peptide_cutter/peptidecutter_en-zymes.html). The amino acid composition of the skin from grass carp used in the present study is shown in Table 2 . Although the total amino acid content (36%) was much lower than the crude protein content (64%), it can be seen that the amount of hydrophilic amino acids of native grass carp skin protein significantly outweighed the amount of aliphatic and aromatic amino acids (about 3:1). This result, together with the similar results obtained by Wasswa et al. [2] on native grass carp skin and by Zhang et al. [5] on extracted collagen from grass carp skin, shows that the hydrophobic amino acids contribute up to 35-36% of total amino acids. In extracted gelatine from grass carp skin (which should be more accessible to proteolytic enzymes) these amino acids make up even less of the total protein (24%), [4] which strongly indicates that the low DH obtained with proteinase K is mainly due to the low accessibility to the susceptible peptide bonds in the skin.
The peptide profiles of the fish skin hydrolysates (Figs. 1 and 2) confirmed the superiority of the Alcalase enzyme in degrading the fish skin, since more material was solubilized in the hydrolysates made with this enzyme ( Fig. 1; A1-A4 ). The action of this enzyme led to release of many peptides with medium retention times (15-45 min) in addition to some very hydrophilic peptides or free amino acids (retention time 2-5 min). With increasing time of hydrolysis and DH a slight right-to-left shift in the profile is seen due to larger peptides being degraded into shorter peptides. This was confirmed by the average mass spectra of these samples (not shown) showing that the major peptides were found in the mass range from 1000 to 2000 Da, and that with increasing hydrolysis time less peptides were seen in this mass range, in accordance with further degradation. A similar trend has been reported by Wasswa et al. [2] for grass carp skin hydrolysates made with Alcalase.
During collagenase catalyzed fish skin hydrolysis, large peptides were released first, which were subsequently further hydrolyzed ( Fig. 1; C1-C3 ). Although the final DH was similar to that obtained with Alcalase, less medium-sized peptides and more small/hydrophilic peptides and/or amino acids were present ( Fig. 1; C1-C3 ). Further hydrolysis with trypsin did not change the peptide profile ( Fig. 1; C3T1 and C3T2), indicating that trypsin did not cleave the major peptides released by collagenase. The small increase in DH obtained during trypsin hydrolysis may be due to the release of more free amino acids or very small, hydrophilic peptides from minor peptides (retention time 2-5 min). During hydrolysis of the fish skin with proteinase K, primarily large peptides were released ( Fig. 2; P1) and only a limited amount of medium-sized and small peptides were visible in the peptide profiles ( Fig. 2; P1-P3) , which is consistent with the low DH obtained (Table 1 ). In accordance with the low DH value of the blank sample (B1) a small amount of large peptides (retention time 45-70 min) had been released during incubation of the fish skin at 37°C ( Fig. 2; B1) . The blank samples incubated for longer time and at higher temperature contained even more polypeptidic material, which made them turbid to an extent that they could not be analyzed by LC-MS. acid composition (g/100 g ) of the freeze-dried skin from grass carp. Results are given as mean ± std (n = 5).
Amino acid
Content (g/100 g) Bioactivity of hydrolysates
ACE-inhibitory activity
The unhydrolyzed samples did not show any ACE-I activity (not shown), in accordance with the fact that no small peptides had been liberated during incubation without enzymes ( Fig. 2; B1 ). However, all hydrolysates obtained by enzymatic treatment exhibited a quite high inhibition of ACE (Fig. 3) , showing that all enzymes used were able to release peptides from protein in fish skin which could inhibit ACE. With Alcalase there was a clear effect of hydrolysis, since the ACE-I activity increased with increasing hydrolysis time and DH ( Fig. 3 ; A1-A4). A similar trend was seen with the other enzymatic treatments, and for all samples taken together a linear relationship between DH and ACE-I activity of hydrolysates was obtained (R 2 = 0.43). From the peptide profiles shown in Figs. 1 and 2 , it can be seen that the increased inhibitory activity with increasing DH is most likely due to further degradation of larger peptides into small peptides and free amino acids (retention time 2-5 min) during hydrolysis than to release of more material from the insoluble skin pieces. This is in line with other studies showing increased ACE-I activity with increasing DH (time of hydrolysis) or with fractions enriched in low molecular weight peptides. [14, 15, 17, 25, 27, 28] This is probably due to release of a larger number of peptides (increased molar concentration) available for inhibition of ACE, but might also result from formation of smaller and more potent peptides. Indeed, many di-, tri-and oligopeptides from collagen, meat, fish, and other food proteins, have been shown to have strong ACE-I activity. [3, 9] All the final hydrolysates, irrespective of the enzyme(s) used, showed ACE-I activities close to 50%. Assuming that the dried skin contains about 66% of protein and that the fish skin was completely hydrolyzed, which seems to be the case for the final Alcalase hydrolysate, the peptide Table 1 .
concentration in this hydrolysate should be close to 7 mg mL −1 . Considering the dilutions, the maximum peptide concentration in the sample used was 0.7 mg mL −1 , corresponding to 0.12 mg mL −1 in the final assay. The ACE-I values for the final hydrolysates being close to 50% show that the IC 50 for the Alcalase hydrolysate is approximately 0.12 mg mL −1 , and even lower for the hydrolysates made with the other enzymes which did not completely dissolve all Table 1 . Figure 3 . ACE-inhibitory activity of fish skin hydrolysates obtained with Alcalase (A1-A4), collagenase (C1-C3), collagenase and trypsin (C3T1 and C3T2), and proteinase K (P1-P3). Hydrolysis conditions and resulting DH are given in Table 1 . Samples were diluted (10×) before analysis. Data represent mean ± std (n = 3). Samples with different letters have significantly different activity (p < 0.05).
protein from the skin. These activities are quite good in comparison to those obtained for crude hydrolysates made by Alcalase hydrolysis of other fish skin sources [14, 15, 17] presenting IC 50 values ranging from 0.7 to 5 mg mL −1 . Hydrolysates of grass carp scales, sea bream scales, and sardinelle heads and viscera also showed lower ACE-I activity, presenting IC 50 values of 1.66, [29] 0.57, [30] and 1.2 mg mL −1, [31] respectively. Only enriched fractions from grass carp scale hydrolysates showed a similar activity (IC 50 = 0.13 mg mL −1 ) [29] and hydrolysates of salmon and cod skin, performed as simulated gastro-intestinal digestion, showed a slightly higher activity (IC 50 = 0.10 mg mL −1 ). [32] The generally higher activity of hydrolysates from fish skin and scales in comparison to heads and viscera might be related to their high content of collagen. Collagen is rich in Pro residues which, when present in the C-terminal sequence of released peptides, are associated with high ACE-I activity. [22, 33, 34] Surprisingly, the hydrolysates obtained with proteinase K also had high ACE-I activity even though the DH obtained (Table 1 ) and the amount of material present (Fig. 2) were much lower than in the other hydrolysates. Blank samples incubated with proteinase K for various times did not show significant ACE-I activity (not shown), excluding that low molecular weight compounds in the enzyme preparation could contribute to the high ACE-I activity of these hydrolysates. Other studies have also found proteinase K to be one of the best enzymes for release of ACE-I peptides. [22, 33, 35] This can be explained by the specificity of the enzyme which, as mentioned above, would lead to the release of peptides containing hydrophobic C-terminal amino acid residues, either aromatic (Trp, Tyr, Phe) or aliphatic residues (Ala, Ile, Leu, Pro, Val). These residues, when present at the C-terminal of peptides, have been shown to promote binding to ACE, and such peptides thus represent efficient inhibitors in vitro. [3, 9, 22, 28, 36, 37] Furthermore, it has been reported that di-and tripeptides with C-terminal proline or hydroxyproline are generally resistant to degradation by digestive enzymes. [37, 38] Thus, grass carp collagen hydrolysates made by proteinase K should have a high content of peptides with terminal proline and hydroxyproline residues and should accordingly be stable toward gastro-intestinal digestion and may also demonstrate good ACE-inhibitory activity in vivo.
Antioxidant activity
The antioxidant activity of the fish skin hydrolysates tested by different mechanisms of reaction is shown in Fig. 4 . All enzymatic hydrolysates were able to scavenge ABTS radicals (Fig. 4A) to a higher extent than the control samples incubated without enzymes (B2 and B3 as controls for A1-A4 samples and B1 for the other samples). However, the effect of the enzymatic treatments was not correlated to the DH of the resulting samples (R 2 = 0.18 for all samples). The highest ABTS radical scavenging activity, considering all hydrolysis times, was obtained with Alcalase and with a combination of collagenase and trypsin (p > 0.05). Similar results have been reported by Alemán et al. [7] showing that the Alcalase hydrolysates of tuna and squid gelatine showed the highest ABTS radical scavenging activity, followed by trypsin and/or collagenase hydrolysates.
In this study, the Alcalase hydrolysate with intermediate hydrolysis degree (DH = 6.5%, A2) showed the highest ABTS radical scavenging activity. Other authors investigating the antioxidant activity of Alcalase hydrolysates of fish sources found that the ability to scavenge DPPH and/or ABTS increased with DH up to 30 or 40%, [7, 39, 40] whereas the study of Klompong et al. [41] shows no increase in the DPPH radical scavenging activity for Alcalase hydrolysates of yellow stripe trevally meat with increasing DH from 5 to 15%. The latter study is in agreement with the results of this study, and indicates that peptides of intermediate size have higher radical scavenging activity than small peptides, which could be due to the peptide bonds playing a role in delocalization of the radical formed in the peptide upon donation of a hydrogen/electron to the ABTS/DPPH radical.
Interestingly, the hydrolysate obtained by hydrolysis with collagenase followed by trypsin (C3T2) showed the highest ABTS radical scavenging activity of all samples (Fig. 4a) . This indicates that peptides resulting from trypsin hydrolysis, containing Lys or Arg residues at the C-terminal, improve the radical scavenging activity. These results are consistent with the fact that the peptide Ala-His-Lys and other peptides with C-terminal Lys have been shown to be potent antioxidant peptides. [21] The release of peptides with Trp or Tyr at the C-terminus confering strong radical scavenging activity [21] despite their very low DH (Table 1) is probably also the reason why the proteinase K hydrolysates showed significantly higher ABTS radical scavenging activity than the hydrolysates made with collagenase alone.
The highest ABTS radical scavenging activity in the present study was 50% (exerted by the C3T2 hydrolysate). Others have investigated the ABTS radical scavenging activity of fish gelatine and meat hydrolysates, [7, 13, 19, 39, 40, 42, 43] however, they have all reported the results as Trolox equivalents or ascorbic acid equivalents per gram of gelatine, and their results are thus not directly comparable to our results. As mentioned previously, the maximum protein concentration possible in the hydrolysate A1 A2 A3 A4  C1 C2 C3  C3T1 C3T2  P1 P2 P3  B1 B2 B3   A1 A2 A3 A4  C1 C2 C3  C3T1 C3T2  P1 P2 P3  B1 B2 B3   A1 A2 A3 A4  C1 C2 C3  C3T1 C3T2  P1 P2 P3  B1 B2 Table 1 . Samples were diluted 50× before the radical scavenging assay (a), and 5× before the chelation and liposome assays (b and c). Data represent mean ± std (n = 3). Samples with different letters have significantly different activity (p < 0.05).
is 7 mg mL −1
, and considering the dilutions, the maximum IC 50 of this sample (C3T2) is 28 μg mL −1 in the reaction mixture. This is probably in the same range as the activity obtained by Cheung et al., [19] who evaluated the antioxidant activity of pacific hake fillet hydrolysates produced with a number of commercial enzymes, among them an Alcalase hydrolysate with 80% ABTS radical scavenging at 67 μg mL −1
. Gomez-Guillen et al. [44] showed by multivariate data analysis that the antioxidant activity of fractions from tuna and squid skin hydrolysates (made with Alcalase) correlated with the presence of the amino acids Thr, Leu, Ile, Hyl, Tyr, and Arg (in that order), while larger contents of Pro, Gly, and Ala correlated with a decreased activity. This could also explain why skin hydrolysates had slightly lower activity than casein hydrolysates as obtained with cold-active microbial enzymes (80% ABTS scavenging at 12 μg mL −1
). [25] The ability to scavenge radicals is only one of the mechanisms by which protein hydrolysates could contribute to inhibit lipid oxidation in food systems. Another way to prevent lipid oxidation in food and generation of unwanted secondary lipid oxidation products is by chelating iron ions since complex-binding of catalytic transition metal ions blocks one-electron cleavage of hydroperoxides, the primary lipid oxidation products. [45] All enzymatic hydrolysates from fish skin showed iron chelation capacity (Fig. 3b) , with the Alcalase hydrolysates showing proportionately higher activity, reaching almost 100% in the A4 hydrolysate. Dong et al. [46] also found a high iron chelation activity (80-90%) in an Alcalase hydrolysate of silver carp protein, which was higher than the activity obtained with the Flavourzyme hydrolysate (up to 60%). Yarnpakdee et al. [40] also found the highest iron chelating activity in the Alcalase hydrolysates of Nile tilapia protein, except at high DH (30-40%). In contrast, Klompong et al. [41] and Cheung et al. [19] found a slightly higher activity of the Flavourzyme hydrolysates than of the Alcalase hydrolysates of yellow stripe trevally and Pacific hake fillet, respectively. This is probably due to the varying amino acid composition and sequences of the fish substrates used in the various studies. The high activity obtained after hydrolysis with Alcalase in the present study, is probably due to release of a higher amount of peptides ( Fig. 1) , as well as to the type of the peptides released by Alcalase, having a sequence and conformation that favour binding of iron. Alcalase is a serine endoprotease with a broad specificity. The preferred cleavage sites in whey proteins have been shown to be Leu-X followed by Ala-X, Phe-X, Ser-X, Glu-X, and Lys-X bonds. [47] It has been reported that the carboxyl and amino groups in the side chains of acidic and basic amino acids are thought to play an important role in chelating metal ions. [48] This could explain why both the collagenase hydrolysate post-treated with trypsin and the Alcalase hydrolysates exhibited higher ion chelating activity than the other hydrolysates, since the former enzymes have specificities to release such amino acid residues at the terminals.
Overall, the iron chelation capacity increased with DH (R 2 = 0.43 for all samples). Other authors assessing the iron chelating capacity of fish protein hydrolysates have also found a linear relationship between iron chelation activity and DH up to 30% in Alcalase hydrolysates of yellow stripe trevally, silver carp, and Nile tilapia protein, respectively, [40, 41, 46] as well as for other hydrolysates of fish protein. [13, 39] This is probably due to a combination of more material being released from the skin during hydrolysis and the smaller size of peptides (Fig. 1) generating more carboxylic groups (Cterminals) which might aid in chelating the iron ions.
The highest iron chelation capacity (95%) was obtained with the grass carp skin hydrolyzed with Alcalase to the highest DH (12%). Assuming complete hydrolysis of all protein in the fish skin and taking into account the dilutions, the protein concentration in this sample could maximally be 2.8 mg mL −1 (0.28 mg mL −1 in the assay). Other studies reporting iron chelation activities of fish protein hydrolysates mostly report their results as ethylenediaminetetraacetic acid equivalents,- [13, 40, 42] which does not allow direct comparison of results. Dong et al. [46] reported a similar high iron chelation activity (80-90%) in samples of silver carp muscle protein hydrolyzed with Alcalase for more than 30 min when assayed at a sample concentration of 5 mg mL −1 . Cheung et al. [19] reported the iron chelating activity of Alcalase hydrolysates of pacific hake fillet to be 51.5% when assayed at 3 mg mL −1 . The comparison with the previously mentioned studies clearly demonstrates the high metal chelating activity of the grass carp skin hydrolysates obtained in the present study.
Despite the high radical scavenging and iron chelation activities, the fish skin hydrolysates were able to inhibit lipid oxidation in a liposome model system to a limited extent only (20-30%, Fig. 4c ), even if there was a significant effect of the enzymatic treatment (p < 0.001). Overall, the inhibitory activity was not linearly dependent on DH (R 2 = 0.08 for all samples), as also indicated by the blank samples incubated without proteolytic enzymes being as efficient as most of the enzymatically hydrolyzed samples. A possible reason is that, in food emulsion systems, proteins and peptides in protein hydrolysates can locate at the oil-water interface due to their surface active properties and form a physical barrier to minimize the contact of lipids with oxidizing agents in the aqueous phase, and in this way also contribute to reducing lipid peroxidation. [21] Accordingly, hydrophobic amino acid residues, such as Val, Leu, and Pro can increase the presence of peptides at the water-lipid interface and, therefore, facilitate scavenging of free radicals generated in the lipid. [10, 21] Furthermore, the Ala residue of Ala-His and Ala-His-Lys peptides has been shown to be critical for their antioxidant activity. [21] Collagen is rich in Pro and Ala, and, therefore, peptides released, even in the absence of enzymes, are expected to be able to interact with the liposomes.
The Alcalase hydrolysates gave rise to higher inhibition than the other enzyme hydrolysates, including the blank samples (p < 0.05). This is consistent with the higher radical scavenging and iron chelating activities of Alcalase hydrolysates compared to the samples made with the other enzymes (except C3T2, Fig. 4) , which all could be related to the higher amounts of peptides released with this enzyme (Fig. 1) , or to the release of some peptides with higher antioxidant activity. Alcalase has also been found in other studies to be among the best enzymes for release of peptides from fish skin gelatine and fish meat that can inhibit lipid oxidation in other model systems. [18, 19, 23, 39, 40, 46, 49, 50] With each enzymatic treatment there was a tendency for increasing activity with increasing DH (Fig. 4c) , and only for the samples with the highest DH (A4 with DH≈12% and C3T2 with DH≈14%, Table 1), the antioxidative effect was diminished. The Alcalase hydrolysates A2 and A3 were the only samples that inhibited lipid oxidation to a greater extent than the blank samples, especially the A3 hydrolysate with DH 8.1 (27% inhibition of lipid oxidation). This could indicate that in the A4 sample some of the intermediary active peptides had been cleaved into small peptides and/or free amino acids with less protecting activity. Further cleavage of peptides will remove hydrophobic amino acid residues and, therefore, reduce the hydrophobicity and interaction with liposomes. Dong et al. [46] investigating the antioxidant activity of Alcalase hydrolysates of silver carp muscle also found that the maximal inhibition of linoleic acid oxidation occurred after limited hydrolysis (1.5 h, DH not given). This is also consistent with results from other studies on cod protein hydrolysates (enzyme not indicated) where the highest inhibition of lipid oxidation in a liposome model was obtained with peptides of intermediate size (3-5 kDa) [51] and on casein hydrolysates, where limited hydrolysis led to the highest inhibition. [25] The values for inhibition of lipid oxidation (<30%) obtained in the present study with the liposome model system are similar to the results obtained for casein hydrolysates using the same assay. [25] However, in other studies on the antioxidant properties of various fish protein hydrolysates, using linoleic acid model systems, the inhibitory effect on lipid oxidation has been reported to be around 50% [50] or higher, [12, 23, 52, 53] which might be related primarily to a higher peptide concentration used in those studies, although many of them do not report the protein concentration. [12, 46, 54] In our study, the fish skin hydrolysates obtained with Alcalase contained maximum 7 mg of protein mL −1 and these were diluted 5 times resulting in 1.4 mg mL −1 in the sample and 0.37 mg mL −1 in the assay. This is lower than concentrations used by Jridi et al., [23] 5 mg mL −1 in the samples (1.9 mg mL −1 in the reaction mixture). Ren et al. [18] reported that the IC 50 for an Alcalase hydrolysate of grass carp muscle for inhibition of lipid peroxidation in a liver homogenate was 4.6 mg mL −1 in the sample, which could explain the inhibitory values below 50% in our study.
Due to the ability of such hydrolysates from fish skin and other sources to delay lipid oxidation in model systems kept for several days, and also in model food systems, [13, 23] they might have a potential for use as natural antioxidants in foods, for instance fish oil-enriched foods. Furthermore, several studies have shown that simulated gastrointestinal digestion improves the antioxidant activity, indicating that possible health benefits upon ingestion may occur.
Antimicrobial activity
Organisms produce antimicrobial peptides as components of the non-specific host-defence system, predominantly in tissues which are most likely to come in contact with microorganisms, such as skin, eyes, and lungs. [55] Moreover, a number of hydrolysates of milk proteins and other bovine protein sources have shown antimicrobial activity against gram-negative and gram-positive bacteria. [10] It was, therefore, surprising that, in the present study, no antimicrobial activity was detected in any of the fish skin hydrolysates against the microorganisms used, i.e., strains of L. monocytogenes, S. aureus, P. aeruginosa, E. coli 1873, and E.coli JM109. In fact, very few studies have reported antimicrobial activity of hydrolysates from marine sources, [10] and to the best of our knowledge only one study has reported antimicrobial activity of hydrolysates from fish collagen or gelatine sources. Gomez-Guillen et al. [44] found that fractions (<3kDa and 1-10 kDa) from Alcalase hydrolysates of skin from squid and tuna exerted antimicrobial activity against a range of G + and G − microorganisms at 2 mg mL −1 (2 mL spotted on the agar plate). However, no or only a weak effect was observed against the strains used from E. coli and P. aeroginosa and against Listeria innocua, which were closest to the strains used in the present study. In contrast, good antimicrobial activity was observed against S. putrefaciens, even at 0.2 mg mL −1 . In our study, the hydrolysates with maximum 7 mg protein mL −1 were directly spotted in the wells in the agar plate (10 μL per well) and, therefore, the concentrations used in the present study were similar to those used by Gomez-Guillen et al. [44] Probably the microbial strains used in the present study were not very sensitive to small amounts of antimicrobial peptides which might occur in the hydrolysate and may be masked by other peptides present. De Gobba et al. [25] using the same method and the same strains also did not detect any antimicrobial activity of hydrolysates from casein, which is a known source of antimicrobial peptides. [10] Conclusions Fish skin from grass carp can serve as a direct substrate for release of bioactive peptides by enzymatic treatment. By use of Alcalase, proteinase K, and collagenase (alone or followed by trypsin), the skin was completely or partially hydrolyzed resulting in liberation of bioactive peptides and possibly free amino acids. Both Alcalase and collagenase resulted in extensive hydrolysis with a DH of 12%. Peptides that could inhibit ACE were released by all enzymes, depending on DH, and IC 50 values around 120 μg mL −1 was obtained for the Alcalase hydrolysate. The specificity of proteinase K seemed to be optimal for generation of ACE-inhibitory peptides. All enzymes also released peptides with antioxidant activity. Alcalase and the combination of collagenase and trypsin resulted in hydrolysates with the highest capacity to chelate iron and scavenge radicals in aqueous solutions, the former increasing with DH. Although the same hydrolysates also resulted in the strongest inhibition of lipid oxidation in liposomes, this was obtained at an intermediate DH, probably due to further degradation of the active hydrophobic peptides at higher DH. None of the enzymes, however, released hydrolysates exerting antimicrobial activity in the tests performed. The above results show that fish skin, an industrial by-product, can be exploited by enzymatic hydrolysis producing hydrolysates with strong ACE-inhibitory activity and also antioxidant activity. Such hydrolysates could potentially be applied in functional foods to alleviate moderate hypertension, and also to increase the shelf life of the food products.
